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Exotica
Belle & others [Zupanc et al. 09] , [Bondar et al., PRL 12] , [Liu et al., 13] , [Ablikim et al., 13]

State M (MeV) Γ (MeV) JPC Decay Modes Production Modes Also observed by

date

e+e− (ISR)
Ys(2175) 2175± 8 58± 26 1−− φf0(980) J/ψ→ ηYs(2175) BaBar∗ , BESII

2006

π+π− J/ψ, BaBar
X(3872) 3871.4± 0.6 < 2.3 1++ γJ/ψ,DD̄∗ B→ KX(3872), pp̄ CDF, D0

2003

Z(3900) 3899± 6 46± 22 1+ π± J/ψ Z(4260)→ Z(3900)π BESIII∗

2013

X(3915) 3914± 4 28+12
−14

0/2++ ωJ/ψ γγ→ X(3915)

2009

Z(3930) 3929± 5 29± 10 2++ DD̄ γγ→ Z(3940)

2009

DD̄∗ (not DD̄
X(3940) 3942± 9 37± 17 0?+ or ωJ/ψ) e+e− → J/ψX(3940)

2005

Y(3940) 3943± 17 87± 34 ??+ ωJ/ψ (not DD̄∗ ) B→ KY(3940) BaBar

2005

Y(4008) 4008+82
−49

226+97
−80 1−− π+π− J/ψ e+e− (ISR)

2005

X(4160) 4156± 29 139+113
−65 0?+ D∗D̄∗ (not DD̄) e+e− → J/ψX(4160)

2008

Y(4260) 4264± 12 83± 22 1−− π+π− J/ψ e+e− (ISR) BaBar∗ , CLEO

2005

Y(4350) 4361± 13 74± 18 1−− π+π−ψ′ e+e− (ISR) BaBar∗

2007

X(4630) 4634+9
−11

92+41
−32 1−− Λ+

c Λ−c e+e− (ISR)

2008

Y(4660) 4664± 12 48± 15 1−− π+π−ψ′ e+e− (ISR)

2007

Z(4050) 4051+24
−23 82+51

−29 ? π±χc1 B→ KZ± (4050)

2008

Z(4250) 4248+185
−45

177+320
−72 ? π±χc1 B→ KZ± (4250)

2008

Z(4430) 4433± 5 45+35
−18

? π±ψ′ B→ KZ± (4430)

2007

Zb(10610) 10, 607± 2 18.4± 2.4 1+ π±hb(1, 2P), π±Υ(1, 2, 3S) Yb/Υ(5S)→ Zb(10610)π

2011

Zb(10650) 10, 652± 2 11.5± 2.2 1+ π±hb(1, 2P), π±Υ(1, 2, 3S) Yb/Υ(5S)→ Zb(10650)π

2011

Yb(10890) 10, 890± 3 55± 9 1−− π+π−Υ(1, 2, 3S) e+e− → Yb

2008

Light states [PDG] :

a0(980) in 1965, σ(600)now 500 in 1972, f0(980) in 1979, κ(980) in 1997

discussion reopened: [’t Hooft, Isidori, Maiani, Polosa, Riquer, PLB 08]

3 weeks old
[talk yesterday by Yaqian Wang]

last weeks of Belle
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Molecules & Tetraquarks

Most prominent explanations of exotica

Pion exchange

� Mass: Ebinding few MeV;
Masses below corresponding 2 meson
threshold

� Width: educated guess: size similar to
constituent mesons or O(Ebinding)
narrow

Gluon exchange

� Mass: Ebinding O(ΛQCD) ; Masses vary

� Width: typical hadronic decay width

But also: not understood QCD effects (rescattering, threshold effects,. . .) & gluonic excitations
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cc̄ Masses Theory vs Experiment

3.5 GeV 4 GeV 4.5 GeV 5 GeV

0+

1+

1-

2+

D D D D
*

D*D
*

- - - measured exotica

—– molecule masses (illustrative combination from [PDG] )

—– relativistic quark model tetraquark estimates (potential fixed from mesons)
[Ebert, Faustov, Galkin, PLB 06], [Ebert, Faustov, Galkin, Lucha, PRD 07]

—– constituent quark model (effective hamiltonian fixed from common hadrons)
[Maiani, Piccinini, Polosa, Riquer, PRD 05], [Drenska, Faccini, Polosa, PRD 09]

. . . (QCDSR tetraquark estimates (not shown) also not consistent)

messy! - no model independent studies

find relations & look at decays
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Relation cc̄ & bb̄

� Understanding heavy exotica means to understand both sectors!

� Only 3 candidates in bb̄ this is a key puzzle!
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Why is the data @Υ(5S) anomalous?
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Tetraquark vs. Rescattering

� Tetraquark & Rescattering: Two rivals in explaining Belle enigma

Rough estimate in Rescattering [Meng,
Chao, PRD 08] :

ΓΥ(6S)→Υ(1,2,3S)ππ & ΓΥ(5S)→Υ(1,2,3S)ππ

( Problem of approach:
introduced ad hoc form factor to sup-
press phase space enhancement )
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Relation cc̄ & bb̄
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[bq][b̄q̄] Constituent Model Spectrum

� HQ symmetry motivates fixing

� states are iso-doublets q = u, d

� tetraquark Zbmasses do not
agree with Belle

� However tetraquarks with
mixing & self energy corrections
in principle allowed in parts of
parameter space [Ali, CH,
Wang, PRD 11]

[Ali, CH, Ahmed, Aslam, PLB 10]
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Zb States: Molecule or Tetraquark?

Molecule Tetraquark
[Bondar, Garmash, Milstein, Mizuk, Volos-
hin, PRD 11] , [Zhang, Zhong, Huang, PLB
11] , [Voloshin, PRD 11] , [Yang,Ping, Deng,
Zong, JPG 11] , [Sun, He, Liu, Luo, Zhu, PRD
11] , . . .

[Yang, Ping, Deng, Zong, JPG 11] , [Guo, Cao,
Zhou, Chen, 11] , [Ali, CH, Wang, PRD 11] ,

. . .

|Zb(10610)〉 =
(
0bq̄ ⊗ 1b̄q + 1bq̄ ⊗ 0b̄q

)
/
√

2 |Zb(10610)〉 =
(
0[bq] ⊗ 1[b̄q̄] − 1[bq] ⊗ 0[b̄q̄]

)
/
√

2

|Zb(10650)〉 = 1bq̄ ⊗ 1b̄q |Zb(10650)〉 = 1[bq] ⊗ 1[b̄q̄]

↓ Fierz ↓

|Zb(10610)〉 = 1−bq̄ ⊗ 1−
qb̄

|Zb(10650)〉 =
(
1−bq̄ ⊗ 0−

qb̄
+ 0−bq̄ ⊗ 1−

qb̄

)
/
√

2

Zb(10610) → BB̄∗ + B∗B̄ Zb(10610) → B∗B̄∗

Zb(10650) → B∗B̄∗ Zb(10650) → BB̄∗ + B∗B̄
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. . .

|Zb(10610)〉 =
(
0bq̄ ⊗ 1b̄q + 1bq̄ ⊗ 0b̄q

)
/
√

2 |Zb(10610)〉 =
(
0[bq] ⊗ 1[b̄q̄] − 1[bq] ⊗ 0[b̄q̄]

)
/
√

2

|Zb(10650)〉 = 1bq̄ ⊗ 1b̄q |Zb(10650)〉 = 1[bq] ⊗ 1[b̄q̄]

↓ Fierz ↓

|Zb(10610)〉 = 1−bq̄ ⊗ 1−
qb̄

|Zb(10650)〉 =
(
1−bq̄ ⊗ 0−

qb̄
+ 0−bq̄ ⊗ 1−

qb̄

)
/
√

2

Zb(10610) → BB̄∗ + B∗B̄ Zb(10610) → B∗B̄∗

Zb(10650) → B∗B̄∗ Zb(10650) → BB̄∗ + B∗B̄
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Zb States: Molecule or Tetraquark?

Molecule Tetraquark
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Zb Concluding Remarks

Tetraquark Molecule

PRO:
nothing special yet

PRO:
Close to thresholds (but above)
Explains B(∗)B̄(∗) decay pattern

. . . but then, something unexpected happened: Zc(3900) . . .
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Relation cc̄ & bb̄
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Surprise from BESIII (3 weeks ago)

• Yc(4260)→ J/ψππ (similar to Yb(10890)→ Υ(1S)ππ)
mZc(3900) = 3899± 6 MeV, ΓZc(3900) = 46± 22 MeV, (≈ 4σ above DD̄∗ threshold)

Similarities between Yb(10890) and Yc(4260):

� both 1−−

� constituent model: mb −mc ≈ 3333 MeV
mYb(10890) ≈ mYc(4260) + 2(mb −mc) (naive estimate 30 MeV off)

� seen in decay Vππ (Vis J/ψ or Υ)

� similar resonant structure f0(500, 980) in mππ and Zb,c in mVπ

But: molecule interpretation for Zc NOT likely
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Puzzle
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Establishing exoticness of Yb: Plan A
(isospin)
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Plan A
� [Ali, CH, Aslam, PRL 10] [Ali, CH, Mishima, PRL 11] : model dependent assumption:

point-like diquarks isospin effects in e+e− production

� isodoublet structure [bu][b̄ū] and [bd][b̄d̄] seen in different final states?
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Fit to σ(e+e− → Yb → Υ(1S)π+π−)

� Fit results, data from [Belle, PRL 08]

� χ2/d.o.f. = 21.5/15 Good agreement with data

� Clear resonance dominance!

(σ̃: normalized to measurement )

0++ tetraquarks σ(500) + f0(980)
2++ meson f2(1270)
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Predictions for Υ(1S)(K+K−, ηπ0)

Fit determines couplings (assume SU(3) flavor symmetry for couplings
(σ(500), f0(980), a0(980))→ PP′, [’t Hooft, Isidori, Maiani, Polosa, Riquer, PLB 08] )

predictions for spectra:

� Agreement with σ̃K+K− = 0.11+0.04
−0.03 (BELLE)

1.0 . σ̃ηπ0 . 2.0 predicted

� Resonance dominance
Characteristic shape

Excellent tests (relying on Yb isodoublet)
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Establishing exoticness of Yb: Plan B
(hadroproduction)
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Spectroscopy above Threshold

� multiquark states typically above hadronic thresholds

� few data for bb̄ (cc̄ advantage ISR & B decays)

� blank area likely full of surprises

� important to understand bb̄ & cc̄ simultaneously

LHCb promising to map uncharted bb̄ region including more than JPC = 1−−

caveat: hadroproduction more complicated than electroproduction
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Hadroproduction of Bottomonia

� µ+µ− channel: Common particle detection for bottomonia

� Above threshold difficult (BR(µ+µ−)drops)

present research focused on 1S, 2S, 3S

� Different final states (e.g. µ+µ−π+π−) allow for exotic searches

Future project [Ali, CH, Wang] :
Acquire knowledge of bottomonia above hadronic thresholds
(NRQCD, pNRQCD [Brambilla, Pineda, Soto, Vairo, NP 00] )

clarify nature of observed states

for CMS, see poster
by Martino Dall’Osso
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Conclusions
� Mass estimates strongly model dependent - market is messy

� Important puzzle remains:

� Tetraquarks provide a credible explanation for BELLE anomaly @Υ(5S)

� Predicted spectra for Yb(10980) provide crucial tests - final proof needed urgently!

Outlook
� Dedicated lattice studies are important

� Radiative decays may be theoretically treatable in QCDSR - need sufficient statistics

� Hadroproduction of bottomonia & tetraquarks very interesting in the near future!

heaps of new states expected!

Thank You!
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Backup

Christian Hambrock (TU Dortmund) Heavy Multiquark States Bologna, 8-12 April 2013 23 / 22



Constituent Quark Modell and Light States

� Masses for light resonances in
constituent model

Flavor nonets are
arranged as triangles

� Tetraquark
interpretation in
agreement with
experiment
[’t Hooft, Isidori,
Maiani, Polosa,
Riquer, PLB 08]
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Yb Production

� Van Royen-Weisskopf formula
⇒ Γ(1−−→ e+e−)

Assumption: Point-like diquarks
[Ali, CH, Mishima, PRL (2010)]

diquark charge

Γee(Y[b,l/h]) =
24α2Q2

[b,l/h]

M4
Y[b,l/h]

κ2
∣∣∣R(1)

11 (0)
∣∣∣2

Suppressed O(10) vs Υ(5S)

Production ratio: ΓY[b,l]
/ ΓY[b,h]

=
(

1−2 tan θ
2+tan θ

)2

Isospin breaking through production

e.g.
σΥ(1S)K+K−
σΥ(1S)K0K̄0

=
Q2
[bu]

Q2
[bd]

= 1
4
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L = 0 NR States
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Zb Masses by Belle
[Belle Collaboration, PRL 12]
measured in:

� Masses close to threshold:
No need for tetraquark scenario

� However tetraquarks with
mixing & self energy corrections
[Ali, CH, Wang, PRD 11]

in principle allowed in parts
of parameter space
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